A dc glow discharge cell with planar electrodes operating at about 1 Torr has been characterized with an inlet flow from ambient air. It will be used as a source of electrons to further ionize molecules by electron impact in a portable mass spectrometer.
Introduction
Low power and reduced gas load, small size, lightness, long lifetime and ease of care are the main requirements for a portable mass spectrometer ion source. The operating pressure (up to 10 −3 Torr) in the vacuum chamber may prevent the use of a thermo ionic filament. A dc glow discharge electron source cell (GDES) with a cold cathode can be used as a low power source of electrons, with reduced out-gassing phenomena compared to a heated filament ion source [1] [2] [3] [4] [5] [6] .
Dc glow discharges can occur with several shapes, sizes and relative locations of the anode and cathode electrodes: e.g. two simple parallel plane electrodes, a plane anodecylindrical hollow cathode, a hollow cathode with holes, a hollow anode [7] , etc. Hollow anodes have been employed in mass spectrometers as an electron source [8] . Glow discharge electron impact (GDEI) with parallel plane electrodes was first proposed by Handberg in a PhD thesis [9] and then by Gao et al in a 2007 paper [10] . It was used as an electron source for loading electrons into 2D or 3D ion traps where the sample is introduced and ionized (internal ionization mode) by electron impact. GDEI has been coupled to cylindrical ion trap (CIT) and rectilinear ion trap mass analysers [11, 12] . GDEI/CIT coupling has also been employed in a fieldportable mass spectrometer system, ChemSense 600 from Icx Technologies [13] [14] [15] . In this work, a dc glow discharge cell with planar electrodes as the electron source, similar to those proposed by Gao et al [10] , is tested with an inlet flow from atmospheric air and using different materials and diameters of the cylindrical ring insulator. The current intensity and kinetic energy distribution of emitted electrons at the anode orifice are estimated for a further use to ionize molecules. These parameters are of interest as they influence both the quantity of the created ions and the fragmentation pattern of molecules.
Description and modelling of the device

Device description
The GDES is placed in a vacuum chamber (figure 1). The cell consists of a parallel planar stainless steel cathode and anode separated and fixed by a ring insulator. The inner diameters of the cylindrical ring insulator used are φ r = 10, 15 and 20 mm. The distance between the anode and cathode is d ac = 6.6 mm. Four insulator materials are tested: Macor, Nylon, Teflon and Pyrex. Two Viton® O-ring seals are used to maintain a higher pressure in the GDES cell than in the vacuum chamber.
Fluidic system
The gas inlet flow from the ambient room passes through a capillary and enters the GDES cell by a centred cathode aperture. The gas effuses from a centred hole (0.3 mm in diameter) in the anode towards the vacuum chamber. A combination of dry-scroll and turbomolecular pumps (250 l s −1 ) is used to evacuate the gas from the vacuum chamber.
The throughput of the capillary Q 1 can be estimated from the Hagen-Poiseuille equation by [16, 17] :
where C 1 is the conductance of the capillary; η = 1.85×10 −5 ; Pa × s is the air dynamic viscosity at 25
• C; φ 1 = 0.063 mm is the internal diameter; l 1 is the length of the capillary; p GD is the pressure in the GDES cell; and p a is the atmospheric pressure.
The pressure inside the GDES cell is low enough to have a molecular flow at the anode orifice, considered as a thin plate orifice. The conductance of the anode orifice C A is then expressed by [18, 19] :
where φ A = 0.3 mm is the diameter of the anode orifice and v = 463ms −1 is the mean velocity of air particles. The mass flow balance equations at steady state are expressed by:
where p M is the pressure in the vacuum chamber and S p is the pumping speed. It can be assumed that p a ≫ p GD ≫ p M ,as the pressure drops induced by the capillary and anode aperture are important. Hence, the gas throughput balance equation can be written as:
The pressure inside the GDES cell according to capillary length can then be estimated by:
The pressure varies in inverse proportion to the capillary length. Capillary lengths are chosen to operate the discharge in the vicinity of Paschen's minimum, located at 1 Torr × cm for enclosed air [1] .
Electric system
The dc potential V ac applied between the anode and cathode sustains the discharge (figure 1). The power supply operates as a voltage source with active current limiting capability. The discharge current (between the anode and cathode) is denoted as I d . The resistor R ′ limits the current of undesired discharges between the cathode and the walls of the vacuum chamber, if any.
Some electrons created by the discharge pass through the anode aperture. The electron beam current I P is measured by means of a collection plate located in front of the anode aperture 2 cm away. Initially it is assumed that the only source of electrons (without creation of secondary electrons) between the anode and plate is the electrons exiting the anode orifice. This electron current is denoted as I b . A part of these electrons reaches the plate inducing the current I b,P , while the other part goes back towards the (not insulated) external side of the anode inducing the current I b,A , such that I b = I b,A + I b,P is constant. The values of I b,P and I b,A depend on the potential applied between the plate and anode, and on the kinetic energy of the electrons at the anode orifice. The cathode current is the total current. The balance equations of the currents in the system are given by:
Principle of determination of electron kinetic energy
If the sole source of electrons is the anode orifice, the estimation of the available electron current intensity at the anode aperture and the distribution of the kinetic energy of electrons can be deduced from the measure of the plate current versus potential applied between the plate and anode. The distribution of kinetic energies for electrons at the anode aperture is denoted as f e (E k,AN ). The measured current I P is in proportion to the integral value of the kinetic energy distribution for values of E k,AN ranging between qV PA and E k,AN,max :
where q =− 1 is the charge of the electron so that qV PA has the dimension of energy in eV and E k,AN,max is the maximum value of the kinetic energy distribution.
If it is assumed that the distribution f e (E k,AN ) is uniform, and the plate current is zero for lower negative values of V PA , then it increases linearly from V PA = E k,AN,max /q up to 0 V. For the positive values of V PA , I P is constant (see curve (a) of figure 2). Two adjacent uniform distributions with more electrons at low or high energies give a dual-slope increase (see curve (b) of figure 2). Two separated uniform distributions lead to a plateau between two linear increases (curve (c) of figure 2).
Experimental results and discussion
GDES cell preparation
The formation of a deposit at the anode has been observed even when operating the GDES cell over several hours in typical conditions for a future use when coupled with a mass spectrometer. This deposit has been measured as electrically resistive. The examination of the anode deposit by scanning electron microscopy combined with energy dispersive x-ray spectroscopy has given the elementary compounds Fe, Cr and Ni, sputtered from a stainless steel cathode, in addition to (1) Fluor (45%), from Teflon and O (8%), from air, when using the Teflon insulator, or (2) O (20%), from Nylon and air when using the Nylon insulator.
For this reason, the anode and cathode are cleaned with a little dilute hydrochloric acid. Then all the parts of the GDES cell are cleaned with ethanol and rinsed with acetone. Finally they are dried at 100
• C over 4 h at atmospheric pressure prior to assembly.
Paschen curve
The breakdown occurs when the voltage across the electrodes suddenly drops, followed by an increase in the discharge current. The experimental Paschen curve is obtained by plotting the breakdown voltage V b versus pressure-distance product p GD × d ac for different values of the pressure in the GDES by means of six capillary lengths: l 1 = 50, 33, 20, 16.5, 9.8 and 7.1 cm (figure 3). Each point of the curve is the mean value of 10 successive measurements. And the error bar is ±3 standard deviations. The other insulator materials and inner diameters lead to similar breakdown voltage values.
In order to have the lowest voltage values, we chose to operate at the Paschen minimum, i.e. for capillary length equal to 16.5 cm.
Voltage/current characteristic
Three main parameters characterize the discharge: voltage, current and pressure [20] . Additional parameters can influence the discharge: an existing gas flow [21] , the temperature of the source and the nature of the gas and electrodes. Also wall losses for constricted discharge can change the voltagecurrent characteristic [22] . The voltage-current characteristic is established to check the regimes of the discharge due to the use of inlet gas flow of air, a multi-compound gas having different discharge characteristics if they are used separately.
After breakdown, one can observe in the glow discharge regime that both the discharge current and discharge potential increase (figure 4). Voltage slightly increases with current for the highest pressures (l 1 = 7.1 and 9.8 cm). For the lowest values of the pressure, the potential increases with current as in an abnormal glow discharge regime. Several papers describe this behaviour for a normal glow discharge regime [23, 24] . There are benefits to having greater slopes, as a small variation of the voltage will induce a small variation of the current for stability. The capillary length l 1 = 16.5 cm is suitable to attain a stationary current with lower values to reduce electrical consumption.
Temporal evolution of the discharge current
The evolution of the cathode current is measured over a period of 4-5 h for the three inner diameters and the four insulator materials ( figure 5) . The same cathode current value evolutions are observed for the Macor and Nylon for the three diameters. Obviously, with larger diameters, the discharge occupies a larger volume and the cathode current is higher. A steady discharge (cathode) current is obtained after 1-2 h running with the cells in Macor and Nylon.
For the three diameters of Teflon insulator, the cathode current values are lower than those obtained with Nylon and Macor. However, the cathode current always decreases during time and discharge instabilities are observed after a run of about 10 h. Also, for the Pyrex insulator the cathode current never attains a plateau. The best stable glow discharge regime and the lowest power consumption are achieved for a Macor or Nylon insulator 10 mm in diameter.
Previous experimental results have been recorded with the current delivered by the discharge sustaining power supply limited at 10 mA. Here, this current is limited at 0.7 mA, a value just lower than the asymptotic value obtained in figure 5 for a Macor or Nylon insulator 10 mm in diameter. The discharge starts when the power supply is turned on and the discharge current is stationary 2 min after running and remains constant over a long period of several hours.
Electron kinetic energy distribution
The potential is not linearly distributed inside the GDES cell. Due to the small cathode-anode distance, typically merely the cathode fall, negative glow plasma and anode sheath regions exist [4, 25] . The cold cathode discharge works in the abnormal regime confirmed by the shape of the current voltage characteristics of figure 4. The cathode fall region is close to the cathode with the largest potential difference, while the negative glow plasma region takes up the largest part of the cell with a quasi-constant positive potential. In the cathode fall region, the electrons are violently accelerated by the strong electric field into the plasma where they lose kinetic energy through inelastic collisions with neutrals and ions. The anode sheath region has a short distance where the potential plasma returns to zero, the potential typically applied to the anode. The electrons are repelled in this region. However, the voltage drop in the anode sheath is small, so electrons with enough energy can cross the sheath, losing kinetic energy, and then a part of them passes through the anode aperture, so that in the negative glow plasma there is a complicated electron energy distribution function [26] . The variation of the plate current versus the potential applied between the plate and anode is plotted in figure 6 for different values of the dc potential V ac applied between the anode and cathode to sustain the discharge. As the shape of the curves shows an increase of the plate current for positive values of the potential applied between the plate and anode, another source of electrons exists between the anode aperture and the plate. That is confirmed by the difference of increase between I C and I P measured currents for the same range of V ac . For an increase of V ac from 400 to 545 V, I C increases by 3.1 times while I P increases by 4.75 times. Due to gas effusion at the anode aperture, the local pressure is higher enough to take into account an additional source of secondary electrons outside the cell close to the anode aperture, according to the kinetic energy of the primary electrons exiting from the anode aperture.
In figure 6 , for the negative values of V PA up to about −10 V, no electron is detected by the plate. The primary electrons have kinetic energies lower than 10 eV and are collected by the outside conductive surface of the anode leading to I P = 0. For positive values of the potential applied between the plate and anode, the plate current continues to grow in order to achieve a plateau from V PA = 20-30 V up to 200 V, the maximal measured value (not shown in figure 6 ). This can be interpreted to mean that no secondary electrons can reach the anode over this potential value, leading us to assume that secondary electron kinetic energy is lower than 20-30 eV.
Moreover, the two insulator materials tested (Macor and Nylon) give the same results (figure 7). A cell with larger inner diameter does not significantly increase the plate current.
Electron current, power consumption and emission efficiency
The available current of electrons can be increased using higher discharge sustaining voltages (table 1 and figure 6). A positive potential difference between the positive-ion creation zone and anode greater than 20 V must exist when this cell will be used as an electron source coupled to a mass spectrometer with similar geometric and potential configurations. This is because the mean value of the kinetic energy of electrons reaching the plate must be at the optimum of the electron-impact ionization cross-section, typically equal to 70 eV. As a result, the maximal electron current available can be read from the asymptotic value of the positive voltages in figure 6 . A value of about 0.6 µA is attained with V ac = 545 V. The power consumption is less than 1 W and the emission efficiency is 0.62 µAW −1 .
Conclusion
The GDES cell is an interesting source of electrons having low kinetic energies ranging over a few tens of eV. Macor and Nylon are recommended for the cylindrical ring insulator, while Teflon is not, as previously reported in reference [27] . The electron current can attain 0.6 µAa tV ac = 545 V with an efficiency of 0.6 µAW −1 . The stability of the discharge is quickly observed and remains constant over several hours by limiting the power supply current.
The coupling of this electron source with the mass spectrometer requires a specific electrostatic attractive and focusing device for the electrons. In the ion creation zone, the electrons must possess a kinetic energy distribution centred on 70 eV (depending on the targeted molecules), and a range of optimal values for the electron-impact ionization crosssection. With such a narrow range of kinetic energy at the anode aperture, it will then be easy to have all of the electrons available to ionize the molecules with an optimal cross-section value.
